Proliferation and ␣ v ␤ 3 integrin-dependent migration of vascular smooth muscle cells are suppressed on polymerized type I collagen. To identify genes specifically regulated in human smooth muscle cells by polymerized collagen, we used the suppressive subtraction hybridization technique. Compared with smooth muscle cells cultured on monomer collagen, polymerized collagen suppresses the following: (1) a number of other extracellular matrix proteins, including fibronectin, thrombospondin-1, tenascin-C, and cysteine-rich protein 61; (2) actin binding proteins including ␣-actinin; (3) signaling molecules; (4) protein synthesis-associated proteins; and (5) genes with unknown functions. Some of the identified genes, including cysteine-rich protein 61, show unique kinetics of mRNA regulation by monomer or polymerized collagen distinct from growth factors, suggesting extracellular matrix-specific gene modulation. Moreover, in vivo balloon catheter-mediated injury to the rat carotid artery induces many of the genes that are suppressed by polymerized collagen. Protein levels of thrombospondin-1 and fibronectin are also suppressed by polymerized collagen. Thrombospondin-1-mediated smooth muscle cell migration on vitronectin is significantly inhibited after culture on polymerized collagen for 24 hours, which is associated with decreased ␣-actinin accumulation at focal adhesions. Thus, polymerized type I collagen dynamically regulates gene expression, pericellular accumulation of extracellular matrix molecules, and the response to a given matrix molecule. (Circ Res. 2001;88:460-467.) Key Words: thrombospondin-1 Ⅲ platelet-derived growth factor Ⅲ ␣-actinin Ⅲ filamin Ⅲ balloon injury Original
M igration of vascular smooth muscle cells (SMCs) from the media into the intima contributes to progression of atherosclerotic lesions and restenosis after balloon angioplasty. 1 SMCs in the normal media are surrounded by extracellular matrix (ECM) molecules, including collagen type I, III, and IV and laminin. SMC interaction with matrix components can significantly influence their ability to respond to growth factors and/or chemoattractants and can promote the modulation of SMCs from a contractile to a synthetic phenotype. 2 Breakdown of the matrix may be necessary for initiation of SMC migration. 3 A majority of cell-cell and cell-matrix interactions are mediated by specific transmembrane adhesion receptors of the integrin family of proteins. 4, 5 These molecules assemble as heterodimers through the noncovalent association of ␣ and ␤ subunits. 4, 5 Integrins serve as transmembrane links between the ECM and the cell surface, resulting in increased adhesion. Occupancy and clustering of integrins can activate intracellular signaling pathways and induce transcription factors and subsequent gene expression. 4, 6 Thus, integrins can influence cell migration not only by the regulation of adhesion and spreading but also by modulation of intracellular signaling events.
We have recently demonstrated that SMCs are arrested in G 1 on polymerized type I collagen fibrils in vitro, whereas monomer collagen supports SMC proliferation. Analysis of molecular mechanisms has revealed that on polymerized collagen, cyclin E-cyclin-dependent kinase 2 activity is suppressed through upregulation of the cyclin-dependent kinase inhibitor p27 Kip1 . 7 Moreover, in an animal model of atherosclerosis, collagen expression is clearly associated with upregulation of p27 Kip1 expression and inhibition of cell replication, 8 indicating the significant role of fibrillar collagen and integrins on the regulation of SMC phenotype in the progression of atherosclerosis. We have also shown that polymerized collagen suppresses ␣ v ␤ 3 integrin-dependent SMC migratory activity stimulated by platelet-derived growth factor (PDGF). 9 Moreover, SMCs cultured on polymerized collagen mimic many of the characteristics of medial SMCs in vivo. 10 The present study was designed to identify genes specifically regulated by polymerized collagen in human SMCs.
Using suppressive subtraction hybridization, we show that polymerized collagen suppresses expression of many genes, including ECM molecules and actin binding proteins, many of which are induced in carotid arteries after balloon catheter-mediated injury. Examination of one of the modulated matrix genes, thrombospondin-1, after culture of SMCs on polymerized collagen, demonstrates that in addition to altered gene expression, the response of the SMCs to a given matrix molecule is also modulated.
Materials and Methods

Materials
We purchased the following reagents: type I collagen (Vitrogen 100), (Collagen Corp); human vitronectin (Takara Biomedicals); human thrombospondin-1 and RGE and cyclic Pen-RGD (cRGD) peptides (GIBCO BRL, Life Technologies); antibodies against human fibronectin, human thrombospondin, human ␤ 1 integrin (P4C10), and human ␣ v ␤ 3 integrin (LM609) (GIBCO BRL, Life Technologies); antibody against human CD36 (NeoMarkers); antibody against human CD47 (Pharmingen); antibody against chicken vinculin (Calbiochem-Novabiochem Corp); antibody against ␣-actinin (ICN Biomedicals, Inc); phycoerythrin (PE)-conjugated anti-human thrombospondin-1 (Immunotech); and recombinant PDGF-BB (Genzyme). Human recombinant osteopontin was kindly provided by Dr. C.M. Giachelli, University of Washington (Seattle, Wash). 11
Cell Culture
Human SMCs were obtained and cultured as previously described. 12 The SMCs were isolated from umbilical artery and express SMC markers including smooth muscle (SM) ␣-actin, calponin, and SM22␣. SMCs were cultured on the surface of collagen preparations (polymerized collagen fibrils and monomer collagen) as described. 7 All experiments were repeated at least twice, and results were reproducible.
Animal Models
All procedures conformed with institutional guidelines for animal research. Male Sprague-Dawley rats 10 to 11 weeks old (Clea Japan, Tokyo, Japan) were used in the present study and fed standard laboratory chow (MF, Oriental Kobo) and given tap water ad libitum. Balloon injury of the carotid artery and isolation of RNA were performed as previously described. 13 Carotid arteries from 10 to 14 animals were pooled for indicated time points, and Ϸ30 to 90 g of RNA was isolated.
Suppressive Subtraction Hybridization
Poly A ϩ RNA was isolated, by use of the FastTrack 2.0 kit (Invitrogen), from human SMCs that had been cultured on monomer or polymerized collagen for 24 hours. Suppressive subtraction hybridization was performed with the PCR-Select cDNA subtraction kit (Clontech) as directed by the manufacturer, with the modification that a 5-fold greater than recommended amount of driver cDNA was added to the second hybridization.
Cloning and Sequencing of cDNAs and Northern Blot Hybridization
cDNAs isolated by suppressive subtraction hybridization were cloned into the PCR2.1 vector by way of the TA cloning kit (Invitrogen) and sequenced by the SQ-5500 DNA sequencer (Hitachi) with Thermo sequenase (Amersham Pharmacia Biotech Inc). Sequenced cDNA fragments were analyzed by Advanced Blast (National Center for Biotechnology Information; provided by the National Institutes of Health). Northern blot analysis was performed as described previously. 14 
Protein Analysis
Preparation of cell lysates, Western blot analysis, immunocytochemistry, and flow cytometric analysis were performed as previously described. 7
Chemotaxis/Migration Assay
Chemotaxis/migration assays were performed in a modified Boyden chamber as described previously. 15 Polycarbonate filters (Nuclepore, 5-m pores; obtained from Costar Science Corp) were coated overnight with 10 g/mL human vitronectin, 20 g/mL human osteopontin, or 100 g/mL bovine type I collagen. A solution of chemoattractant or vehicle diluted in 0.15% BSA/DMEM was placed in the bottom chamber. When the effects of blocking reagents were examined, suspended cells were preincubated with 100 mol/L cRGD peptide or 20 g/mL anti-integrin antibodies. Maximally blocking concentrations of reagents were determined from cell attachment assays.
Statistical Analysis
Statistical analysis was done by using the Student t test or ANOVA. These analyses were carried out using Stat View V software.
Results
Eighteen Genes Are Suppressed and Four Genes Are Induced in Human SMCs on Polymerized Collagen Compared With SMCs on Monomer Collagen
Suppressive subtraction hybridization identifies differential suppression of 18 mRNAs when human SMCs are cultured on polymerized collagen for 24 hours compared with SMCs on monomer collagen. Differential expression of these genes was confirmed by Northern blot analyses ( Figure 1 ). Sequence analyses revealed that the following 5 of the suppressed genes are ECM molecules: fibronectin, thrombospondin-1, tenascin-C, cysteine-rich protein 61 (Cyr61), and collagen type 1 ( Table 1 ). Of 13 other cDNA fragments, 5 genes encode molecules involved in cytoskeletal organization, 3 encode signaling molecules, 2 are associated with protein synthesis, and 3 encode 2 known genes and a novel gene (M24-1), for which functions have not been elucidated ( Table 1 ). The following 4 mRNAs are induced in SMCs on polymerized collagen: microfibril-associated glycoprotein 4 (MAGP-4), tissue-type plasminogen activator (tPA), spermidine/spermine N 1 -acetyltransferase, and angiopoietin-related protein-2.
Analyses of the kinetics of SMC mRNA regulation revealed that several of the ECM molecules, including fibronectin, thrombospondin-1, and tenascin-C, show similar kinetics of regulation by monomer and polymerized collagen. On monomer collagen, they were slowly induced in serumfree conditions with maximal levels observed 24 hours after plating the cells (Figure 1 ). Induction of fibronectin and thrombospondin-1 by PDGF or FCS was more modest with monomer collagen, whereas tenascin-C was strongly induced by FCS (Table 2 ). Cyr61 mRNA was differentially regulated by ECM and growth factors. In contrast to FCS, which strongly induced Cyr61 mRNA levels, monomer collagen slightly suppressed and polymerized collagen strongly sup-pressed Cyr61 mRNA levels ( Table 2 ). Five genes involved in cytoskeletal organization showed similar kinetics of mRNA regulation in response to ECM and growth factors. All of the genes were markedly induced in cells plated on monomer collagen or in response to growth factors but not on polymerized collagen (Figure 1 , Table 2 ). Importantly, growth factor regulation of gene expression was dramatically modulated in cells cultured on polymerized collagen. Neither PDGF nor FCS was able to upregulate ECM molecules on polymerized collagen, except the slight FCS-induced upregulation of Cyr61 (Figure 2A ). In contrast, MAGP-4 and tPA, both of which were upregulated on polymerized collagen, were downregulated after stimulation with growth factors. Interestingly, molecules involved in cytoskeletal organization were upregulated both by PDGF and by FCS in cells cultured on polymerized collagen ( Figure  2A ). Among signaling molecules, both PDGF and FCS were able to strongly induce calmodulin, but not calciumindependent phospholipase A2.
Many of the Genes Suppressed on Polymerized Collagen Are Induced in the Vascular Injury Model In Vivo
Human SMCs cultured on polymerized collagen mimic many of the characteristics of medial SMCs in vivo. 10 To test the in vivo regulation of genes identified in our screen, we used the balloon catheter-injured rat carotid model of acute injury in vivo and examined regulation of the molecules suppressed on polymerized collagen in SMCs ( Figure 2B ). ECM molecules, including fibronectin, thrombospondin, tenascin-C, and Cyr61, were all upregulated as early as 6 hours after balloon injury. Similar upregulation of molecules involved in cytoskeletal organization, except myosin light chain, was also observed. Calmodulin was also upregulated after balloon injury in vivo.
To examine the polymerized collagen regulation of ECM molecules at the protein level, Western blot and flow cytometric analyses for thrombospondin-1 were performed. Cellular abundance of thrombospondin-1 protein was decreased on polymerized collagen as early as 6 hours, and this suppression was maintained for 24 hours ( Figure 3A) . A similar suppression of cellular fibronectin protein levels was also observed on polymerized collagen. Moreover, thrombospondin-1 accumulation on the cell surface was also markedly inhibited on polymerized collagen as determined by flow cytometric analyses ( Figure 3B ). Thrombospondin-1 was known to exert its effect through various receptors, including ␣ v ␤ 3 integrin, ␣ 2 ␤ 1 integrin, ␣ 3 ␤ 1 integrin, CD36, and CD47. 16 Surface levels of ␣ v ␤ 3 integrin, CD36, and CD47 were comparable between cells cultured on monomer or polymerized collagen for 24 hours ( Figure 3B ). The ␣ v ␤ 3 integrin level was not altered on polymerized collagen, and surface expression of ␣ 2 ␤ 1 integrin was increased on polymerized collagen as previously described (data not shown). 7 Thus, cellular abundance and surface accumulation of thrombospondin-1 were inhibited by polymerized collagen, and this regulation was likely due to suppression of mRNA expression.
To understand which type of receptor is involved in accumulation of thrombospondin-1 on the SMC surface on monomer or polymerized collagen, we have examined the effect of blocking reagents on the cell surface thrombospondin-1 levels determined by flow cytometry. SMCs arrested in serum-free medium for 24 hours were suspended by trypsinization, incubated with antibodies or peptides, and then cultured on monomer or polymerized collagen for 24 hours in the presence of the reagents. Cells were resuspended with collagenase digestion, incubated with PE-labeled anti-thrombospondin-1 antibody, and analyzed by flow cytometry. As shown in Figure 4 , cell surface accumulation of thrombospondin-1 was significantly suppressed by cRGD peptide or anti-␣ v ␤ 3 integrin antibody, which suggests that ␣ v ␤ 3 integrin is one of the major thrombospondin-1 receptors for cell surface accumulation. Anti-␤ 1 integrin antibody also significantly affects accumulation of thrombospondin-1 on cell surface. 1 and 2 indicate Ͼ2-fold induction or suppression; _ and +, Ͼ5-fold induction or suppression based on densitometric analyses of replicate Northern blots. Cyr61 indicates cysteine-rich protein 61; MAGP4, microfibril-associated glycoprotein 4; tPA, tissue-type plasminogen activator; PLA2, phospholipase A2; HRAD-1, Homo sapiens cell cycle checkpoint protein HRAD-1; SSAT, spermidine/ spermine N 1 -acetyltransferase. *Induced at 3 or 6 hours on both monomer and polymerized collagen but rapidly decreased thereafter on monomer collagen, resulting in significantly higher mRNA levels on polymerized collagen at 12 and 24 hours than on monomer collagen.
Polymerized Collagen Suppresses Thrombospondin-1-Stimulated ␣ v ␤ 3 Integrin-Dependent Chemotaxis in Human SMCs
Thrombospondin-1 is a mitogen and chemoattractant for SMCs. 17, 18 We examined the effect of polymerized collagen on thrombospondin-mediated migration of human SMCs. Thrombospondin stimulated SMC migration on vitronectin, and its effect is somehow additive to PDGF ( Figure 5A ). Thrombospondin-stimulated SMC migration on vitronectin was inhibited by a blocking anti-␣ v ␤ 3 integrin antibody and cRGD peptide ( Figure 5B ). Thrombospondin-1 acts as a chemoattractant; when it was added to the upper and lower chambers at the same concentration, we did not observe a migration of SMCs ( Figure 5B ). After culture of SMCs on polymerized collagen for 24 hours, the chemotactic effect of thrombospondin-1 on vitronectin was dramatically suppressed compared with cells cultured on monomer collagen ( Figure 5C ). Interestingly, this suppressive effect of polymerized collagen was only observed for vitronectin-and osteopontin-supported, but not for collagen-supported, SMC migration ( Figure 5C ). Because vitronectin and osteopontin were mainly recognized by ␣ v ␤ 3 integrin, 9, 19 polymerized collagen could suppress thrombospondin-mediated chemotaxis, at least partly, through inhibition of ␣ v ␤ 3 integrin function.
Polymerized Collagen Suppresses ␣-Actinin Accumulation at Focal Adhesions on Vitronectin
␣-Actinin is one of the actin cross-linking and integrin binding proteins. 20 Modulation of ␣-actinin levels affects cell motility and confers tumorigenicity. 21 Because ␣-actinin levels are potently suppressed by polymerized collagen (Figure 1) , we examined whether altered ␣-actinin distribution on vitronectin was associated with decreased ␣ v ␤ 3 integrindependent chemotaxis after culture on polymerized collagen. As shown in Figure 6 , accumulation of ␣-actinin at focal adhesions is potently suppressed in cells that had been cultured on polymerized collagen. This suppression is associated with less focal adhesion formation as determined by vinculin immunostaining (Figure 6 ). Thus, suppressed expression and focal accumulation of ␣-actinin by polymerized collagen could be involved in decreased ␣ v ␤ 3 integrindependent chemotaxis stimulated by thrombospondin-1.
Discussion
In the present study, we analyze genes specifically regulated by polymerized collagen by suppressive subtraction hybridization. We show that other ECM molecules and actin binding proteins are primary targets after SMC culture on polymerized collagen fibrils. By focusing on thrombospondin-1, we show that one matrix molecule, poly- Figure 2 . A, Effect of growth factors on gene expression of molecules, isolated with subtraction hybridization, on polymerized collagen in human SMCs. After SMCs were cultured on polymerized collagen in 0.15% BSA/DMEM for 24 hours, PDGF (10 ng/mL) or 10% FCS was added, and total RNA was isolated at indicated times. Northern blot analyses were performed using cDNA fragments isolated by suppressive subtraction hybridization. PLA2 indicates phospholipase A2. B, Expression of molecules isolated with subtraction hybridization in balloon catheterinjured rat carotid. At the indicated time after balloon injury of the rat carotid artery, the artery was removed; RNA was isolated and analyzed by Northern blot using cDNA isolated from the screen of human SMCs. merized collagen, can dynamically regulate another matrix molecule's expression and its function in vascular SMCs.
Suppressive subtraction hybridization identifies differential suppression of 18 mRNAs when human SMCs are cultured on polymerized collagen for 24 hours compared with SMCs on monomer collagen. Five of the suppressed genes are ECM molecules; the following 3 of these are implicated in the pathogenesis of atherosclerosis: fibronectin, 22 thrombospondin-1, 23 and tenascin-C. 24 Moreover, fibronectin, thrombospondin, tenascin-C, and Cyr61 are all upregulated in the carotid artery immediately after the ballooning in vivo. Induction of fibronectin mRNA, 25 tenascin-C protein, 26 and thrombospondin-1 protein 27 in the carotid artery after balloon injury has been reported, and these genes are implicated in injury-induced phenotypic alteration of SMCs. Thus, polymerized collagen suppresses several ECM molecules that are dynamically regulated in the process of vascular injury in vivo. Our data also imply that the alteration of SMC ECM production in vivo may be regulated through an integrindependent mechanism.
Our screen also identified proteins involved in cytoskeletal organization. Filamin 28, 29 and ␣-actinin 20 are known to interact with the cytoplasmic domain of integrins. Both ␣-actinin and filamin mRNAs are significantly induced in SMCs plated on monomer collagen but not on polymerized collagen (Figure 1 ). Because cells on polymerized collagen do not form efficient focal adhesions, 7 regulation of mRNAs involved in actin organization may correlate with the formation of focal adhesions. Moreover, these molecules are dynamically upregulated after arterial injury in vivo, suggesting their significant roles in vascular remodeling. WDR1 cDNA, which was among the regulated genes identified with un-known function, encodes a 67-kDa protein containing 9 WD40 repeat motifs that mediate protein-protein interactions. 30 The highly homologous yeast and slime mold WDR1 proteins bind actin, which suggests that WDR1 protein may be an actin binding protein as well.
The kinetics of SMC mRNA regulation in response to growth factors and culture on polymerized collagen suggest that modulation of many of the identified genes are specifically dependent on ECM. Cyr61 is potently downregulated by polymerized collagen, whereas 10% FCS markedly upregulates Cyr61 mRNA levels and PDGF modestly increases Cyr61 mRNA levels. This suggests that suppression of Cyr61 transcription may be unique to ECM (Figure 2 ). Moreover, neither PDGF nor FCS is able to efficiently induce matrix molecules (fibronectin, thrombospondin-1, tenascin-C, and Cyr61) on polymerized collagen, suggesting that the suppressive effect of integrin signaling is not bypassed by growth factors and could be independent of growth factor signaling. Although efforts are being made to identify specific signaling through ECM receptors, an integrin-specific signaling system or promoter element has not been identified. 31, 32 Thus, the genes that are inversely regulated by ECM and growth factors, including Cyr61, are attractive candidates for exploring the transcriptional mechanism specifically regulated by an integrin signaling system. Polymerized collagen not only suppresses ECM molecule expression but also can suppress its function in SMCs. We have used a chemotactic assay system to examine the effect of polymerized collagen on thrombospondin-1-mediated function. By using selective matrices, this system is useful for examining the interaction of specific integrins, ␣ v ␤ 3 integrindependent migration through vitronectin and osteopontin 9, 19 and ␣ 2 ␤ 1 integrin-dependent migration on type I collagen. 33 By using these matrices, we are able to show that polymerized collagen can suppress thrombospondin-1-stimulated SMC chemotaxis on ligands recognized by ␣ v ␤ 3 integrin. Thus, polymerized collagen may directly, or indirectly by altering the SMC phenotype, suppress ␣ v ␤ 3 integrin function, which results in decreased thrombospondin-1-stimulated SMC migration.
In this study, we have shown that expression and accumulation of ␣-actinin at focal adhesions are dramatically suppressed in cells cultured on polymerized collagen. Because ␣-actinin is one of the actin cross-linking and integrin binding proteins 20 and is involved in cell motility and tumorigenicity, 21 dynamic suppression of ␣-actinin by polymerized collagen could be one of the mechanisms for decreased ␣ v ␤ 3 integrin-dependent SMC chemotaxis. ␣ v ␤ 3 integrins are shown to be expressed on some SMCs. 19, 33 ␣ v ␤ 3 integrin expression is upregulated in intimal lesions at various stages of atherosclerosis, 34 and ␣ v ␤ 3 blocking peptides effectively inhibit the vascular fibroproliferative response after balloon catheter injury. 35, 36 Our results demonstrate that ligand levels and functions of ␣ v ␤ 3 integrins are dynamically regulated by polymerized collagen fibrils.
In summary, we show that other ECM molecules and many actin binding proteins are primary targets of polymerized collagen fibril-regulated gene expression. By focusing on thrombospondin-1, we also show that one matrix molecule, polymerized collagen, can dynamically regulate another matrix molecule's function in vascular SMCs. Finally, our data raise the possibility that polymerized collagen fibrils regulate SMC phenotype in the progression of atherosclerosis, and this effect may be partly mediated by regulation of ␣ v ␤ 3 integrin function and expression of its ligands. Figure 6 . Polymerized collagen suppresses accumulation of ␣-actinin at focal adhesions on vitronectin. Serum-deprived SMCs were cultured on monomer or polymerized collagen for 24 hours, suspended by collagenase digestion, and replated on vitronectin for 4 hours. Immunofluorescent and confocal microscopic analyses were performed to evaluate localization of ␣-actinin and vinculin at the same laser intensity. Only the bottom surface of the cells was scanned by confocal microscopy. Barsϭ20 m.
